Introduction
The WHO classified extranodal natural killer (NK)/T-cell lymphoma (ENKTL) as a distinct clinicopathologic entity of hematopoietic and lymphoid neoplasms. 1, 2 No optimal treatment strategy has been established for ENKTL, because of its rarity and the limited number of multicenter prospective clinical trials. Anthracycline-based chemotherapeutic regimens have shown inefficacy, probably because of the expression of multidrug-resistant (MDR) genes and their product, P-glycoprotein.
Asparaginase is a bacterial enzyme that hydrolyzes serum asparagine. This enzyme presents a unique antitumor mechanism that is unaffected by P-glycoprotein. The survival of tumor cells that synthesize L-asparagine depends on the plasma level of this amino acid. 3 The depletion of plasma asparagine inhibits protein synthesis, thereby inhibiting nucleotide synthesis and the subsequent apoptotic cell death of tumor cells.
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liu et al various asparaginase-based regimens 4, 5 have emerged as promising treatments for ENKTL. However, a number of patients are resistant to asparaginase, leading to treatment failure and poor prognosis.
The asparagine synthetase (AsnS) gene encodes the enzyme that catalyzes the neosynthesis of asparagine from aspartate, which is an ATP-dependent process that uses glutamine as a nitrogen source. 9 Several studies have found that asparaginase-resistant cells presented many adaptive changes, including increased AsnS mRNA and protein expression. 10 , 11 Aslanian et al 10 overexpressed the AsnS protein in MOLT-4 cells by using a Moloney mouse retrovirus system and consequently induced asparaginase resistance in the parental cells. Li et al 12 found that downregulating the AsnS expression in K562 and Karpas299 cells increased the sensitivity of asparaginase-resistant cells. These studies suggest that the AsnS mRNA level plays a key role in the sensitivity to asparaginase of patients with ALL. However, a few follow-up investigations on patients with ALL patients disputed the general applicability of this hypothesis and the role of the AsnS mRNA level in the sensitivity to asparaginase. 13, 14 Only one study has investigated the AsnS mRNA level in the context of ENKTL, and the results revealed that the AsnS mRNA expression was closely correlated with the sensitivity of lymphoma cell lines to asparaginase in vitro and with the survival of patients with ENKTL. 15 In the present study, we aim to address two specific questions. First, are baseline AsnS mRNA levels linked to the response to asparaginase in ENKTL cell lines? Second, can the asparaginase-resistant phenotype be induced or reversed by upregulating or downregulating the AsnS mRNA level?
Materials and methods cell culture SNK1, SNK6, SNT8, NKYS, and YTS were EBV-positive cell lines established from primary lesions with nasal NK/ T-cell lymphoma and were provided by Dr Shimizu (Tokyo Medical and Dental University) and was approved by the Institutional Review Board and the ethics committees of Sun Yat-sen University Cancer Center. Also, the human embryonic kidney cell line HEK293T was obtained from the American Type Culture Collection (ATCC) and stored in Sun Yat-sen University Cancer Center. The ENKTL cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 50 units/mL penicillin, 50 µg/mL streptomycin (RPMI 1640 medium, FBS, penicillin, and streptomycin from Gibco, Waltham, MA, USA), and 700 units/mL recombinant human IL-2 (PeproTech, London, UK) at 37°C under 5% CO 2 . HEK293T were cultured in DMED medium with 10% FBS and 1% Pen-Strep at 37°C under 5% CO 2 .
extraction of protein and Western blotting
The cells were lysed in radioimmunoprecipitation assay lysis buffer (Biyuntian, Nanjing, People's Republic of China) containing 1% phenylmethylsulfonyl. After centrifugation at 14,000 rpm for 10 minutes at 4°C, the protein content of the supernatant was determined by using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The aliquots (30 µg protein per lane) were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). Then, the membranes containing the protein extracts were probed with a specified primary antibody, followed by either an antirabbit or an antimouse secondary antibody. Signals were detected with enhanced chemiluminescence plus reagents (Millipore). GAPDH was used as the internal control. The primary antibodies consisted of AsnS and GAPDH (Abcam, Cambridge, UK The total RNAs of the five cells (5×10 6 cells) without asparaginase (Sigma-Aldrich, St Louis, MO, USA) treatment were extracted according to the manufacturer's instructions and reverse-transcribed to complementary DNA (cDNA) by using the PrimeScript™ RT Reagent Kit (TaKaRa, Kyoto, Japan). Then, quantitative real-time polymerase chain reaction (qRT-PCR) was performed by using the SYBR ® Premix Ex Taq™ II Kit (TaKaRa) on the Roche LightCycler 480 (Roche, Basel, Switzerland). All experiments were conducted in accordance with the manufacturer's protocols. The primer sequences of AsnS were as follows: forward primer 5′-AAAGTGGAGCCTTTTCTTCCTG-3′ and reverse primer 5′-AGCCAATCCTTCTGTCTGTCATC-3′. Meanwhile, the primer sequences of human GAPDH were as follows: forward primer 5′-CAGCGACACCCACTCCTC-3′ and reverse primer 5′-TGAGGTCCACCACCCTGT-3′. Three parallel analyses were conducted for each sample, and each analysis was repeated three times. The relative expression of the target gene was calculated by inputting the 2 The growth rate of the cells was detected by using the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). Briefly, the cells were collected by centrifugation, washed twice with PBS, and seeded in 96-well plates at a concentration of 1.0×10 4 cells/well. The CCK-8 (10 µL) was added into each well at 0, 24, 48, and 72 hours of culture. After 2 hours of incubation, the optical density (OD) was detected by a microplate reader at 450 nm, and the proliferation curve was drawn. The actual OD of each well was calculated as follows: OD = OD value of the test well − average OD value of the blank well.
The CCK-8 was used to detect the drug concentration that inhibits cell growth by 50% (IC 50 ); 1.0×10 4 cells/well were seeded in 96-well plates and then exposed to various doses of asparaginase for 48 hours. Then, 10 µL of CCK-8 reagent was added per well, and the plates were further incubated for 2 hours. The cell survival rate was quantified and plotted against the drug concentration on the basis of the absorbance readings at 450 nm (A). The OD was assayed to calculate the final cell number. The cell survival rate was calculated as follows: cell viability (%) = [A (asparaginase) − A (blank)]/ [A (without asparaginase) − A (blank)]×100%. IC 50 was calculated on Graphpad Prism software.
cell proliferation and apoptosis assay by flow cytometry
We also detected the cell proliferation by conducting a 5-ethly-2′-deoxyuridine (EdU) with an iClick™ EdU Andy Fluor™ 647 flow cytometry Assay Kit (GeneCopoeia, Rockville, MD, USA). The cells were treated with EdU (10 µM) for 24 hours and then stained in accordance with the manufacturer's protocols. We detected the cell apoptosis level through flow cytometry by using an Annexin V-PE/7AAD Apoptosis Detection Kit (R&D Systems, Minneapolis, MN, USA) in accordance with the manufacturer's instructions. This assay enabled the identification of early apoptotic (Annexin V-PE+/7AAD−) cells, late apoptotic/ secondary necrotic (Annexin V-PE+/7AAD+) cells, and primary necrotic (Annexin V-PE−/7AAD+) cells.
construction of plasmids and recombinant lentiviral vectors
The plasmids were constructed according to standard methods. All structures were verified with the appropriate restriction digestion and/or sequencing. For the overexpression experiments, human AsnS (NM_003483.4) full-length cDNA was inserted into the lentiviral vector pHBLV-CMVIEZsGreen-T2A-puro by digesting the vector with EcoR I and Xho I restriction sites. The empty vector served as the negative control. For the knockdown experiments, small hairpin RNAs (shRNAs) directed against the AsnS were inserted into the lentiviral vector pHBLV-U6-ZsGreen-Puro by digesting the vector with BamH I and EcoR I restriction sites.
The AsnS shRNA1 target sequence was 5′-CCGGGCT CTGTTACAATGGTGAAATCTCGAGATTTCACCATTG TAACAGAGCTTTTTG-3′, and the AsnS shRNA2 target sequence was 5′-CCGGGTGAACATTATGAAGTCCTTT CTCGAGAAAGGACTTCATAATGTTCACTTTTTG-3′. A scrambled shRNA was used as the control (scramble).
lentiviral infection and screening of stable cell lines
High-titer lentiviral vector stocks were packed in HEK293T cells through liposomal-mediated transfections in accordance with the manufacturer's protocol (Clontech Laboratories, Addgene, Cambridge, MA, USA). After 48 hours, the virus was harvested, filtrated, and concentrated by ultrafiltration. The titers of the virus preparations were determined by measuring the number of green fluorescence protein (GFP)-positive HEK293T cells after being infected with several viral solutions accompanied with 8 mg/mL polybrene (Sigma-Aldrich). The ENKTL cells were infected with the viral solutions at a multiplicity of infection of 90. For transduction, the cells containing the virus were centrifuged at 1,000 g for 90 minutes, washed, resuspended in RPMI 1640 medium, and recultivated. The GFP expression was detected by fluorescence microscopy (Nikon, Tokyo, Japan) to determine the infection efficiency. Puromycin (2 µg/mL; Sigma-Aldrich) was added, and a resistant colony was selected and grown. The overexpression and knockdown efficiency in the transfected cells were confirmed by qRT-PCR and Western blot analysis, as previously described.
Xenograft tumor model and in vivo apoptosis assay by TUnel
Six-week-old BALB/c nu/nu mice were maintained in a pathogen-free environment to determine the effect of asparaginase on ENKTL cell growth in a xenograft model. Each group consisted of six mice. The cells (1×10 7 ) were inoculated subcutaneously into the left flank of the BALB/c nu/nu mice. The mice were administered with asparaginase (2,000 IU/kg) every other day for 2 weeks once the tumor volume was measurable (minor axis $40 mm, ~10-14 days after injection). The changes were observed once every 2 days. The mice were euthanized post experimentation. The tumors were excised and the size was calculated by the Terminal deoxynucleotidyl transferase-mediated dUTPbiotin nick-end labeling (TUNEL) was performed by using the TUNEL Andy Fluor™ 594 Apoptosis Detection Kit (GeneCopoeia) in accordance with the manufacturer's protocol. Briefly, paraffin-embedded tumor samples were cut into 5 mm sections and mounted on glass slides. After TUNEL, the numbers of apoptotic cells from 15 different fields (five fields from each of the three biological replicates) were determined by fluorescence microscopy (Nikon) to obtain the average number of cells per field.
statistical analysis
Statistical analyses were conducted on SPSS 20.0 and GraphPad Prism 6.0 software. All in vitro experiments were performed in triplicate (n=3). Quantitative data were described as mean±standard deviation (SD). Two-group comparisons of quantitative data were completed by using the Student's t-test. P-values of,0.05 were considered statistically significant. Figure 1A) .
Results
We assessed the baseline AsnS mRNA and protein expression in the five ENKTL cell lines. The YTS cells had extremely low levels of AsnS mRNA and protein expression, whereas the SNK1 cells had the highest AsnS mRNA and 
construction of stable cell lines with asns knockdown or overexpression
Then we determined whether the asparaginase-resistant phenotype was induced or reversed by upregulating or downregulating the AsnS mRNA level. AsnS was overexpressed in the YTS cells (YTS-AsnS-wt, YTS-con as control), which displayed a high sensitivity to asparaginase and a low AsnS mRNA expression level. In contrast, AsnS was downregulated in the SNK1 cells (SNK1-AsnS-sh1, SNK1-AsnS-sh2, SNK1-scramble as control), which exhibited a natural resistance to asparaginase and a high AsnS mRNA expression level. Besides, AsnS was overexpressed and downregulated in the SNT8 cells (SNT8-AsnS-wt, SNT8-con; SNT8-AsnSsh1, SNT8-AsnS-sh2, SNT8-scramble), which showed an intermediate response to asparaginase and an average AsnS mRNA expression level. Then, we screened and concentrated the transfected cells with Puromycin. The stable cell lines were confirmed by fluorescence microscopy, qRT-PCR, and Western blot analysis (Figure 2 ).
cell proliferation and apoptosis assay of infected cells without asparaginase
To identify whether the overexpression or knockdown of AsnS influenced the cell proliferation and apoptosis without asparaginase treatment, a proliferation assay was performed with CCK8 and EdU. Also, an apoptosis assay was conducted by using the Annexin V-PE/7AAD Detection Kit. No significant difference in proliferation and apoptosis was observed between the parental and infected cells without asparaginase (Figure 3) , suggesting that the overexpression or knockdown of the AsnS gene did not affect the proliferation and apoptosis of cells without asparaginase treatment.
asns is associated with sensitivity to asparaginase in vitro
The IC 50 value of the AsnS overexpression cells (YTS/ AsnS-wt and SNT8/AsnS-wt) was significantly increased, indicating that the sensitivity of AsnS overexpression cells decreased (Figure 4) . On the contrary, the IC 50 value of the AsnS knockdown cells (SNK1/AsnS-sh1, SNK1/AsnSsh2; SNT8/AsnS-sh1, SNT8/AsnS-sh2) was significantly decreased, indicating that the sensitivity of AsnS knockdown cells increased (Figure 4) . These in vitro studies revealed that AsnS was associated with the sensitivity to asparaginase in vitro.
asns is associated with sensitivity to asparaginase in vivo As for the in vivo experiment, YTS and SNK1 sublines were used to establish the xenografts model, asparaginase was injected as mentioned above once the tumor volume was measurable. As expected, the in vivo xenografts assay also revealed that: AsnS overexpression cells exhibited fast tumor formation, a significant increase in tumor size and weight ( Figure 5A ) and a decrease in apoptosis rates by TUNEL assay ( Figure 5B ). AsnS knockdown cells exhibited delayed tumor formation, significant reduction of tumor size and weight ( Figure 5C ), and an increase in apoptosis rates by TUNEL assay ( Figure 5D ).
Discussion
ENKTL is an aggressive type of lymphoma characterized by poor survival, and optimal treatment strategies for this disease have not been established. Anthracycline-based chemotherapy treatments, such as the CHOP regimen, have reportedly yielded unsatisfactory results. 16 The failure of the CHOP regimen in ENKTL may be attributed to the overexpression of the MDR gene, which increases the P-glycoprotein expression. Doxorubicin and vincristine, which are the main components of the CHOP regimen, are actively exported by P-glycoprotein, ultimately resulting in inferior treatment outcomes. Chemotherapy regimens based on non-P-glycoprotein efflux medications, such as asparaginase, have been proven as effective alternatives that can overcome P-glycoprotein-mediated MDR and chemotherapy resistance. Asparaginase-based regimens have recently emerged as promising treatments for ENKTL. [17] [18] [19] [20] Unfortunately, a number of patients still experience refractory or relapse, indicating the need to identify the possible asparaginase resistance determinants in ENKTL.
The AsnS mRNA level is considered to play a key role in the sensitivity to asparaginase of patients with ALL. However, no study has verified its role in the context of ENKTL. In the present study, we revealed that the AsnS expression is inversely related to the sensitivity of ENKTL cell lines to asparaginase. Our results were consistent with those of a previous study demonstrating that the AsnS mRNA expression was closely related to the sensitivity of lymphoma cell lines to asparaginase in vitro. 15 Previous studies revealed that an upregulated AsnS mRNA expression resulted in a simultaneous increase in AsnS protein level and AsnS enzyme activity. 10 
Notes:
The lentivirus infection efficiency was indicated by BF and GFP fluorescence in (A) YTs/con and YTs/asns-wt; (B) snK1/scramble, snK1/asns-sh1, and snK1/asnssh2; (C) snT8/con, snT8/asns-wt, snT8/scramble, snT8/asns-sh1, and snT8/asns-sh2. qrT-Pcr and Western blot analysis of the asns overexpression and knockdown efficiency in (D) YTs and its sublines (***P,0.001 vs YTs); (E) snK1 and its sublines (**P,0.01 vs snK1); (F) snT8 and its sublines (*P,0.05, **P,0.01 vs snT8/con or snT8/scramble). Abbreviations: AsnS, asparagine synthetase; BF, bright field; GFP, green fluorescence protein; ns, not significant; qRT-PCR, quantitative real-time polymerase chain reaction.
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asns and asparaginase sensitivity in enKTl direct correlation among the mRNA, protein, and activity levels. Similarly, we found that the AsnS expression levels in protein were positively correlated with those in mRNA. One reason that the cells expressing low AsnS protein levels were more sensitive to asparaginase treatment was because they produced less asparagine and were, therefore, more dependent on extracellular asparagine to meet metabolic demands. Studies on the putative causes of asparaginase resistance have been performed mostly on ALL cell lines, and the results have been controversial. Previous studies have revealed that the AsnS mRNA expression was correlated with asparaginase resistance only in TEL-AML1-negative, but not in TEL-AML1-positive ALL. 23 In contrast, low AsnS expression in TEL-AML1-negative B-lineage is correlated with good prognosis. 24 Thus, the AsnS level alone did not determine the sensitivity to asparaginase in a number of subtypes of hematological malignancies. Therefore, the role of AsnS in the asparaginase resistance of ALL cells may vary among genetic subtypes. [23] [24] [25] In the present study, we did not examine the genetic aberrations. Further studies may explore whether AsnS expression is related to gene mutations or chromosomal aberrations.
Given that the sensitivity to asparaginase was strongly negatively correlated with the baseline AsnS gene expression in the five ENKTL cell lines, we examined whether the asparaginase-resistant phenotype was induced or reversed by upregulating or downregulating the AsnS mRNA level. SNK1 (highest AsnS mRNA expression level), YTS (lowest AsnS mRNA expression level), and SNT8 (middle AsnS mRNA expression level) were selected for the downregulation and/or upregulation of AsnS mRNA level by lentiviral infection. The AsnS mRNA expression was decreased by using the RNA interference by shRNA. We found that the suppression of AsnS increased the sensitivity to asparaginase in vitro and in vivo. Similarly, the AsnS overexpression decreased the sensitivity to asparaginase in vitro and in vivo. As mentioned, the asparaginase-resistant phenotype was induced or reversed by upregulating or downregulating the AsnS mRNA level in ALL. 10, 12 Moreover, the AsnS knockdown increased the sensitivity to asparaginase in a number of solid tumors, such as hepatocellular carcinoma (HCC) and ovarian cancer. 26, 27 Our results extended the conclusions of previous studies and confirmed the original hypothesis regarding the relationship between the sensitivity to asparaginase and the AsnS expression in ENKTL.
Previous studies have assessed whether AsnS was an oncogene or anti-oncogene. [26] [27] [28] [29] Zhang et al 26 demonstrated that AsnS knockdown not only promoted proliferation and tumorigenicity but also enhanced the metastatic potential of HCC, indicating that AsnS was a tumor growth suppressor gene in HCC. In contrast, Patrikainen et al 30 and Ameri 
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asns and asparaginase sensitivity in enKTl et al 31 revealed that PC-3 prostate cancer cells and human MDA-MB-231 breast cancer cells, which had strong potential for metastasis and increased capacity for colony formation, exhibited elevated AsnS expression, implying that AsnS is a carcinogenic gene in breast and prostate cancers. Our study failed to prove whether AsnS is a tumor growth suppressor or carcinogenic gene in ENKTL, because no significant difference in proliferation and apoptosis was observed between the parental and infected cells in the absence of asparaginase ( Figure 3 ). The conflicting evidence indicates that the roles of AsnS might vary in different tissues or organs, and these differences should be investigated further.
Conclusion
Our results revealed that the sensitivity to asparaginase is strongly negatively correlated with the baseline AsnS gene expression in ENKTL cell lines. We also demonstrated that asparaginase resistance is induced or reversed The ic 50 of the snT8/con, snT8/asns-wt, snT8/scramble, snT8/asns-sh1, and snT8/asns-sh2 cells (**P,0.01 vs snT8/con or snT8/scramble). Abbreviations: AsnS, asparagine synthetase; ns, not significant. by upregulating or downregulating the AsnS mRNA level in vivo and in vitro. Our results suggested that a low AsnS expression should be used in selecting patients for treatment with asparaginase-containing chemotherapy regimens. However, we failed to prove whether AsnS is an oncogene or anti-oncogene in ENKTL. We are also looking forward to the research on the relationship between AsnS expression in ENKTL tissue and treatment response to asparaginasecontaining chemotherapy. 
Notes:
The in vivo xenografts assay revealed that: asns overexpression cells exhibited fast tumor formation (A1), a significant increase in tumor size (A2) and weight (A3), and a decrease in apoptosis rates by TUnel assay (B1 and B2) ( ns P.0.05, **P,0.01, ***P,0.001 vs YTs). asns knockdown cells exhibited delayed tumor formation (C1), significant reduction of tumor size (C2) and weight (C3), and an increase in apoptosis rates by TUnel assay (D1 and D2) ( ns P.0.05, **P,0.01, ***P,0.001 vs snK1). Abbreviations: AsnS, asparagine synthetase; ns, not significant; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling.
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